Introduction
On the luminal surface of the endothelial cells forming the microvessel wall, there is a fiber-matrixlike layer that is commonly called endothelial surface layer ͑ESL͒ or surface glycocalyx layer. This matrix layer is believed to carry negative charge because it is composed primarily of proteoglycans, glycoproteins, and glycosaminoglycans ͓1-8͔. Due to its charge, structure, and distinct location in the transcapillary pathway, in conjunction with the intercellular junctions in the cleft between adjacent endothelial cells, the surface glycocalyx provides significant resistance to water and solutes transport across the microvessel wall ͓9͔, and therefore plays an important role in determining the microvessel permeability to water (L p ) and solutes ͑P͒.
Huxley et al. ͓8͔ observed that hydraulic conductivity L p and negatively charged ␣-lactalbumin ͑molecular weightϭ14 176, radiusϭ2.01 nm, and net chargeϭϪ11͒ permeability P ␣-lactalbumin of microvessels in frog mesentery were reduced during perfusion with frog Ringer containing plasma, compared to those during perfusion with Ringer containing bovine serum albumin ͑BSA͒. They found that the ratio of ␣-lactalbumin permeability during Ringer-plasma perfusion to that during Ringer-BSA perfusion was significantly reduced, P ␣-lactalbumin plasma / P ␣-lactalbumin BSA ϭ0.31, while L p was only slightly reduced to L p plasma /L p BSA ϭ0.98. Huxley and Curry ͓6͔ investigated the mechanism whereby albumin interacts with the wall of microvessels in frog mesentery to maintain normal permeability properties. They measured hydraulic conductivity (L p ) as the Ringer-BSA perfusate concentration was reduced from 10 to 0 mg/ml. They showed that removal of albumin from the perfusate resulted in a ϳfivefold increase in L p . In another study, Huxley and Curry ͓7͔ measured ␣-lactalbumin permeability and found that there was a 2.4-fold elevation in P ␣-lactalbumin when the albumin was removed.
Curry ͓3͔ summarized the aforementioned experiments and hypothesized possible mechanisms by which surface properties of the endothelial cells control the microvessel permeability. The summary is shown by the symbols in Fig. 3 . Figure 3 demonstrates the relation between the apparent permeability of ␣-lactalbumin and the hydrostatic pressure in the microvessel lumen under various experimental conditions. When the perfusate contained plasma protein ͑Ringer-plasma͒, the results are shown by squares in Fig. 3 . Curry suggested that negative charges exist in the surface glycocalyx layer under this condition. When the perfusate contained albumin ͑Ringer-BSA͒ ͑triangles͒, the permeability of the vessel had some increase and Curry suggested that it is due to the removal of negative charge on the surface glycocalyx layer. When albumin was removed from the perfusate ͑Ringer only͒ ͑circles͒, the permeability was further increased and Curry suggested that it is due to the degradation/removal of the surface glycocalyx.
To test Curry's hypotheses ͓3͔ for the mechanisms by which the surface properties of the endothelial cells modulate the microvessel permeability, we extended our previous electrodiffusion model ͓4͔ for the glycocalyx layer to include the filtration from the increase in the hydrostatic pressure in the vessel lumen. Weinbaum et al. ͓9͔ proposed a sophisticated model for steric and diffusion resistance to solute transport in the fiber matrix ͓10͔. This theory for the entrance fiber layer and other experimental results led to propose a three-dimensional model for the interendothelial cleft to describe solute exchange across the microvessels. Fu et al. ͓4͔ extended their three-dimensional model to include a negatively charged glycocalyx layer at the entrance of the cleft, in which both electrostatic and steric exclusions on charged solutes were considered within the glycocalyx layer and at the interfaces. On the basis of experimental data, this model predicted that the charge density would be ϳ25 mEq/l for the constant fixed charge in the glycocalyx of frog mesenteric microvessels. However, this model neglected convection effect because Peclet number, a measure of relative importance of convection and diffusion to the transport of a solute, is small ͑less than 0.05 for a solute of radius 2.01 nm͒ when the effective filtration pressure across the microvessel wall Ͻ5 cm H 2 O. In the current study, the pressure can be as high as 30 cm H 2 O and large-sized molecules are considered, the magnitude of Peclet number can be in the order of 10. Therefore, in our new model, we included the filtration due to hydrostatic and oncotic pressures across the microvessel wall, as well as the electrical potential across the surface glycocalyx layer.
Recent studies ͓1,9͔ indicated that interendothelial cleft could be one of the transendothelial pathways for macromolecules such as albumin ͑molecular weight 69 000, radiusϭ3.5 nm, and net chargeϭϪ19͒ ͓14,15͔. Curry et al. ͓16͔ investigated the exchange of water and albumin across venular microvessels in frog mesentery. It showed that in the control state ͑Ringer-BSA perfusion͒, the permeability of albumin ( P albumin control ) was 2.3Ϯ0.25 ϫ10 Ϫ7 cm/s at 0 lumen pressure in the microvessel, and the solvent drag increased P albumin control by 0.57Ϯ0.05ϫ10 Ϫ7 cm/s for each cm H 2 O increase in the microvessel pressure. Above experiments suggested that porous pathways between adjacent endothelial cells contribute to macromolecules ͑such as albumin͒ transport across the endothelial barrier. This requires a model dealing with electrodiffusion as well as filtration. We will use our newly developed model to examine the hypotheses and explain the experimental data in aforementioned studies. In addition, our model will help to better understand the electrochemical and filtration mechanisms of selectivity to macromolecules in the endothelial surface glycocalyx layer and therefore to develop better strategies for controlling transport of charged or uncharged macromolecules in drug delivery.
Model Description
2.1 Model Geometry. The schematic of the model geometry for the interendothelial cleft is shown in Fig. 1 . ϪL f ϽxϽ0 is the surface glycocalyx layer represented by a periodic square array of cylindrical fibers, where L f is the thickness of the entrance fiber matrix layer and x is the abscissa with the origin at the cleft entrance. The radius of the fiber is a, and the gap spacing between the fibers is ⌬. The fibers are assumed to be parallel to the endothelial surface ͓Fig. 1͑b͔͒. L jun is the junction strand thickness. L 1 and L 3 are the depths between the junction strand and the luminal and tissue fronts. L is the total length of the cleft. The distance between the adjacent large breaks is 2D. The width of the cleft is 2B ͓Fig. 1͑b͔͒. There are two types of pores in the junction strand, as proposed in Fu et al. ͓15͔, based on Adamson and Michel's observations ͓17͔. One is an infrequent large break of width 2d and height 2B; another is a continuous narrow slit of width 2b s in the junction strand. The effect of a narrow slit is neglected because ͑1͒ the solutes considered in this study, which have the diameter of 4.02 nm or larger, cannot penetrate the slit of width 2b s , ϳ2 nm, ͑2͒ the contribution from this small slit to hydraulic conductivity is insignificant ͑Ͻ5%, 11͒. The electric charge is assumed to only exist in the surface glycocalyx layer, and the charge density is assumed to be constant, C m ϭ25 mEq/l, based on the prediction in ͓4͔, that the solute permeability across the surface glycocalyx layer was independent of the charge-density profiles as long as they have the same maximum value and the same total charge. Other assumptions in ͓4,14͔ are applied to the glycocalyx layer: ͑1͒ both charged solutes ͑␣-lactalbumin and albumin͒ and univalent cations (Na ϩ and anions, mainly Cl Ϫ ) obey a modified Nernst-Planck flux expression; ͑2͒ overall electroneutrality is satisfied everywhere; and ͑3͒ Donnan equilibria exist at the interfaces of the fiber layer between the vessel lumen (xϭ ϪL f ) and between the cleft entrance (xϭ0).
Mathematical Model

2.2.a Pressure and Velocity Field
2.2.a.1. Surface Glycocalyx Layer. The surface glycocalyx layer lies in front of the cleft and covers the entire endothelial surface. For pure water filtration, Darcy's law can be applied locally across the fiber matrix layer along the length of the cleft in the y direction ͓18͔. If plasma proteins are present, the local velocity across the fiber matrix layer is the resultant of two opposing forces, a hydrostatic pressure and an oncotic pressure. Furthermore, when the charge of the ions and the charge of glycocalyx are considered, Darcy's law can be written as ͓14͔,
Here K p is the Darcy permeability, is the fluid viscosity, and V is the local average velocity at location y. p L and p(0,y) are pressures in the lumen and at the entrance to the cleft behind the surface glycocalyx, respectively. i, f is the reflection coefficient of the solute under consideration in the fiber matrix. L and (0,y) are oncotic pressures in the lumen and just behind the fiber matrix at xϭ0, respectively. ЈϭFE/RT, is the dimensionless electrical potential; RT/F is the product of gas constant and absolute temperature divided by Faraday's constant, which is 25.2 mV when temperature Tϭ20°C. C m is charge density of the glycocalyx layer. At the interface of the fiber layer and cleft entrance, C ϩ Ј (0) and Ј͑0͒ represent the monovalent cation concentration and the dimensionless electrical potential at xϭ0 from the fiber side; at the interface of vessel lumen and the fiber layer, C ϩ Ј (ϪL f ) and Ј(ϪL f ) represent the monovalent cation concentration and the dimensionless electrical potential at xϭϪL f from the fiber side. The method for calculating C ϩ Ј and Ј is described in the Appendix.
2.2.a.2 Cleft region.
The cleft region can be split into three subregions. The region with depth L 1 lies upstream of the junction strand behind the fiber matrix layer and the one with depth L 3 lies downstream of the junction strand. The thickness L jun (ϳ10 nm), which is for the junction strand, can be neglected compared to L 1 and L 3 ͑200 nm͒.
Because the height of the cleft 2B ͑20 nm͒ is small compared to both the average distance between the pores 2D ͑ϳ2500 nm͒ and the depths L 1 and L 3 of the cleft, the water flow in the wide part of the cleft can be approximated by a Hele-Shaw flow as first proposed in ͓19͔. Therefore, the velocity in the cleft can be expressed as
and V͑x,y,z ͒ϭu͑ x,y,z ͒iϩv͑ x,y,z ͒j (4) which satisfies the nonslip condition uϭvϭ0 at zϭϮB. Integrating Eq. ͑4͒ over the height of the cleft, we obtain the average velocity V (x,y)ϭ 2 3 V 0 (x,y). V 0 , the velocity in the center plane zϭ0, is given by
(5) For Hele-Shaw flow, the pressure in the cleft satisfies
Combining Eqs. ͑1͒, ͑4͒, and ͑5͒, one obtains the first matching condition at xϭ0,
Other boundary conditions for Eq. ͑6͒ are Boundary conditions Eqs. ͑7b͒ and ͑7c͒ require that the junction strand be impermeable except at the junction break and the pressure and velocity in the junction breaks be continuous. Boundary condition Eq. ͑7d͒ requires that the pressure be continuous at the tissue front. Boundary condition Eq. ͑7e͒ is the periodicity and symmetry condition.
The apparent hydraulic conductivity is defined as,
where Q 2D is the volume flow rate through one junction break. A numerical method was used to solve Eq. ͑6͒ coupled with equations for the concentration field ͑see below͒ for pressure field p(x,y). Then Eqs. ͑4͒ and ͑5͒ determine the velocity V(x,y) from p(x,y). Integration of u(L 1 ,y,z) across the cross-sectional area of the junction break gives the value of Q 2D . p L and p A , which are constants here, are pressures in the lumen and in the tissue space, respectively. 2D is the spacing between adjacent junction breaks. L jt is the total length of the cleft per unit surface area of microvessel wall.
2.2.b Concentration Field
2.2.b.1 Surface glycocalyx layer.
One-dimensional chargeconvection-diffusion is assumed locally across the surface matrix layer in front of the cleft entrance, because concentration gradients in the x direction in the fiber matrix layer are more than two orders of magnitude greater than those in the y direction ͓18͔. In our model, the fixed negative charge of surface glycocalyx is considered. The governing equation for the transport of solute i is
where ū i , the average solute velocity in the cleft is related to u 0 (0,y), the water velocity in the center plane by ū i ϭ The boundary and matching conditions for Eq. ͑9͒ are
where Ј(x) and (x) (xϭϪL f or 0͒ are the dimensionless electrical potentials inside and outside the fiber layer at the interfaces, respectively. At vessel lumen, (ϪL f )ϭ0, which is the reference potential. K i,c and D i,c are the retardation and effective solute diffusion coefficients in the wide part of the cleft.
is the solute refection coefficient in the cleft. Equations ͑10a͒ and ͑10b͒ show that the Donnan equilibrium relationship is satisfied at the interfaces between the solute concentration in the fiber layer (C i Ј) and that at the lumen or the cleft side (C i ).
Solving Eq. ͑9͒ subject to boundary condition Eqs. ͑10a͒, ͑10b͒, we find,
where
is a modified local Peclet number across the surface matrix layer, which is a measurement of the relative importance of convection, ion migration and diffusion to transport of a charged solute. Substituting Eq. ͑11͒ into Eq. ͑10c͒ one obtains a second nonlinear coupling condition between velocity and solute concentration at the rear of the surface glycocalyx,
Note C i (0,y), u 0 (0,y), and p(0,y) are all unknown and nonlinearly coupled through Eqs. ͑7a͒ and ͑13͒. They must be determined by simultaneously solving the overall boundary value problem for u, p, and C i .
2.2.b.2 Cleft region.
The governing equation for solute concentration in the cleft can be approximated by a steady 2D convective-diffusion equation averaged across the cleft height ͓13,18͔,
In addition to Eqs. ͑7a͒ and ͑13͒, the remaining boundary conditions for Eq. ͑14͒ are
Boundary conditions Eqs. ͑15a͒-͑15c͒ require that the junction strand be impermeable except for the pore region ͉y͉рd. Matching condition Eq. ͑15d͒ requires that the solute concentration be continuous at the tissue front. Boundary condition Eq. ͑15e͒ is the periodicity and symmetry condition.
The apparent permeability P is defined as,
where Q 2D S is the solute mass flow rate through one period of junction strand ͑or one junction break͒, which is
C iL and C iA , which are constants here, are concentrations in the lumen and in the tissue space, respectively. 2D is the spacing between adjacent junction breaks. L jt is the total length of the cleft per unit surface area of microvessel wall.
Solution Procedure.
The new charge-filtrationdiffusion model differs from previous model in Fu et al. ͓4͔ because filtration is considered in both surface glycocalyx layer and interendothelial cleft. After initial volume flux J v is assumed in Eqs. ͑A10͒-͑A11͒ in the Appendix, the cation concentration distribution in the fiber layer, C ϩ Ј (x), and dimensionless electrical potential distribution in the fiber, Ј(x), can be obtained by numerically solving these two ordinary differential equations. Then one can calculate ⌬C ϩ Ј and ⌬Ј in Eq. ͑7a͒, Ј(ϪL f ), Ј͑0͒, and dЈ/dx͉ xϭ0 Ϫ in Eqs. ͑10a͒-͑10c͒ and Eqs. ͑11͒-͑13͒. With matching conditions Eqs. ͑7a͒ and ͑13͒ and other corresponding boundary conditions for Eqs. ͑6͒ and ͑14͒, finite difference methods are employed to solve the pressure and concentration fields in the cleft. Because Eqs. ͑6͒ and ͑14͒ are coupled, they must be solved simultaneously until values at every mesh point satisfy a convergence condition that relative error between the nth and (n ϩ1)th iteration for both pressure and concentration is less than 10 Ϫ6 . Because both pressure and concentration fields are solved, a new value for volume flux J v can be obtained. The above calculations were repeated until
͉ is less than 10 Ϫ5 . Figure 1 shows the charged surface glycocalyx layer and the twodimensional model for interendothelial cleft. Model parameters are chosen based on experimental data for frog mesenteric capillaries ͓1,17͔, which are the same as those in Fu et al. ͓4, [11] [12] [13] for the control condition when the perfusate is Ringer-BSA. The thickness of the entrance surface glycocalyx layer L f is 100 nm. Recent studies reported that this layer is composed of a fibrous meshwork with a characteristic spacing of about 20 nm and the fiber diameter is 10-14 nm ͓20-21͔. In the current study, we used fiber radius aϭ6 nm and gap spacing ⌬ϭ7 nm. The cleft depth Lϭ400 nm and height of the wide part of the cleft 2Bϭ20 nm. Junction break 2Bϫ2dϭ20 nmϫ150 nm is centered at yϭ0. The average spacing between adjacent breaks is 2Dϭ2640 nm. The junction strand is in the middle of the cleft and its thickness, L jun , which is in the order of 10 nm, can be neglected compared with L, L 1 , and L 3 . Thus, L 1 ϭL 3 ϭL/2ϭ200 nm. The total cleft length per unit area L jt ϭ2000 cm/cm 2 .
Parameter Values
2.4.a Parameters Values for Anatomical Structure.
2.4.b Parameter Values for Tansport.
We estimated the reflection coefficients in the fiber layer for ␣-lactalbumin, ␣-lactalbumin, f , and albumin, albumin, f , based on the measured data for the entire vessel wall and the formula in
Here, P i,v , P i, f , and P i,c are diffusive solute permeability across the entire vessel wall, the fiber layer and the cleft region, respectively. They were calculated using the model in ͓4͔. i,v is the measured reflection coefficient for the entire vessel wall and i,c is that for the cleft region, which was calculated using the slit model in ͓25͔. For ␣-lactalbumin, the measured ␣-lactalbumin,v is 0.7 when the perfusate was plasma and is 0.35 when the perfusate was Ringer-BSA ͓1,8͔. The estimated ␣-lactalbumin, f is 0.8 and 0.5 for each case, respectively. For albumin, the measured albumin,v is 0.8 for frog mesenteric microvessels ͓23,24͔. Tables 1 and 2 .
We used C m ϭ25 mEq/l for the charge density of the glycocalyx in all the calculations when the charge was considered ͓4͔. The cations and anions concentrations in the lumen are C ϩ ϭC Ϫ ϭ118 mM ͓4͔. 
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Transactions of the ASME the calculation are the same as in the experiments: ␣-lactalbumin concentrationϭ0.14 mM ͓1,7,8,15͔ and albumin concentration ϭ0.087 mM ͓16͔.
Results
Effects of Charge and Structural
Components of Interendothelial Pathway on Hydraulic Conductivity L p . We investigated the relation between the apparent hydraulic conductivity (L p ) of microvessels in frog mesentery and the charge density of the surface glycocalyx layer (C m ) and the cleft width 2B in Fig. 2͑a͒ . Figure 2͑a͒ shows the ratio of L p when the glycocalyx layer is with charge to that without charge as function of C m in the range of 0-100 mEq/l ͑possible physiological range ͓4͔͒. The solid line in Fig. 2͑a͒ is the case when the cleft height 2B ϭ20 nm under normal condition. The dashed line represents the case when 2Bϭ40 nm under the condition of increased permeability. The thickness of the fiber layer L f ϭ100 nm for both cases. Our model predicts that when C m increases from 0 to 100 mEq/l, L p has a slight decrease, which is ϳ3% for the case of normal condition and ϳ8% for the case of increased permeability. In contrast, L p is increased from 2.2ϫ10 Ϫ7 cm/s/cm H 2 O when 2B ϭ20 nm, to 9.8ϫ10 Ϫ7 cm/s/cm H 2 O when 2Bϭ40 nm, ϳ4.5-folds. This indicates that compared to the contribution from the ultrastructural change of the cleft, the charge effect of the surface glycocalyx layer can be neglected for the solvent transport across the microvessel wall under normal or moderately increased permeability conditions for frog mesenteric microvessels. For high L p in other tissues or in disease, the charge effect might be significant. Figure 2͑b͒ shows the ratio of L p when the fiber layer is present to that when the fiber layer is absent as a function of the fiber layer thickness L f and charge density C m . 2Bϭ20 nm for all the cases. We can see from Fig. 2͑b͒ that when L f is increased from 0 to 500 nm ͑physiological range, ͓18͔͒, L p can be decreased by ϳ60%; however, when C m is increased from 0 to 100 mEq/l, L p is merely decreased by ϳ10%. The spatial resistance of the fiber layer to the solvent transport is much higher than the resistance due to its charge.
3.2 ␣-lactalbumin Transport. Curry ͓3͔ hypothesized possible mechanisms by which the surface properties of the endothelial cells control the changes in microvessel solute permeability ͑P͒. The test solute used in these experiments is ␣-lactalbumin ͑Stokes radiusϭ2.01 nm, net chargeϭϪ11͒. The relation between apparent permeability of ␣-lactalbumin and hydrostatic pressure in the microvessel lumen under various experimental conditions is shown by symbols in Fig. 3 . The squares in Fig. 3 are permeability data measured in venular microvessels in frog mesentery when the perfusate contained Ringer-plasma protein. Curry suggested that negative charges exist in the surface glycocalyx layer under this condition. When the perfusate contained Ringer-albumin ͑BSA͒, triangles in Fig. 3 , the permeability of the vessel had a slight increase when increasing the pressure. Curry suggested that it is due to the removal of negative charge on the surface glycocalyx layer. When albumin was removed from the perfusate ͑Ringer only͒, the circles in Fig. 3 , the permeability was further increased and Curry suggested that it is due to the removal of the ordering or degradation of the fiber matrix. Correspondingly, Huxley et al. ͓6,8͔ measured the microvessel hydraulic conductivity (L p ) under these three conditions. They found that L p had no significant increase when perfusate was changed from Ringerplasma to Ringer-albumin. However, when perfusate was Ringer only, L p was increased to ϳfivefold of that when plasma existed.
Our model predictions are shown in the lines of Fig. 3 . The solid line shows the model prediction when the charge is considered. Charge density C m ϭ25 mEq/l for the surface glycocalyx layer in frog mesenteric microvessels was predicted in ͓4͔. This tests the hypothesis when plasma is present in the perfusate. The dashed line shows the results when there is no charge. This tests the hypothesis that the negative charge of surface glycocalyx is removed when the perfusate contains albumin instead of plasma. For this change, the model predicts that L p only has a slight increase, from 2.1 to 2.2ϫ10 Ϫ7 cm/s/cm H 2 O. This is consistent with the measurement for L p in ͓8͔. Both solid and dashed lines are in excellent agreement with the experimental data for ␣-lactalbumin permeability P ͑squares and triangles͒. The dotted line is the case when the surface glycocalyx layer is completely removed. This tests the hypothesis when the perfusate is Ringer only. The model predicts that L p increases to 4.0 ϫ10 Ϫ7 cm/s/cm H 2 O. This is less than fivefold of that when the plasma is present (2.1ϫ10 Ϫ7 cm/s/cm H 2 O), which was reported in ͓6͔. In addition, the dotted line is lower than measured P values ͑circles͒. To enhance L p from 2.1 to ϳ10ϫ10 Ϫ7 cm/s/cm H 2 O, a ϳfivefold increase, we additionally increase the width of the cleft 2B from 20 nm under normal condition to 27 nm. The prediction for ␣-lactalbumin permeability P when 2Bϭ27 nm is shown as the dashed-dotted-dotted-dotted-dashed line. This line overestimates the measured P data. The best fit for the case when the perfusate is Ringer only is the dashed-dotted-dashed line, when L f ϭ20 nm, 2Bϭ30 nm, and L p is 9.8ϫ10 Ϫ7 cm/s/cm H 2 O. This suggests that when the perfusate is Ringer only, the surface glycocalyx layer is partially removed or degraded, and the height of the cleft is increased by 50%. We will discuss more about the ultrastructural change for Ringer only case in the later section.
Bovine Serum Albumin Transport. Curry et al. ͓16͔
investigated the frog microvessel permeability to albumin ͑Stokes radiusϭ3.5 nm, net chargeϭϪ19͒ under various perfusion pressures. Figure 4 shows their results. The solid lines with triangles are the permeability data measured in three individually perfused microvessels when the perfusate was frog Ringer solution containing 10 mg/ml albumin ͑control state͒. The short dashed line with triangles is the regression line for these three sets of experimental data. Our new model is employed to describe the albumin transport across endothelial barriers under this condition. The short dashed line shows the model prediction for this case. This line fits fairly well with the regression line ͑the short dashed line with triangles͒ for the measured permeability data when the perfusate contained BSA. The measured P albumin control was 2.3Ϯ0.25 ϫ10 Ϫ7 cm/s at 0 lumen pressure ͓16͔. Our model predicts that P albumin control ϭ2.2ϫ10 Ϫ7 cm/s when lumen pressure is 0. The solid line in Fig. 4 shows the model prediction when the charge on the surface glycocalyx layer is considered. This is the case when the plasma protein was present in the perfusate. One can see that albumin permeability is low even at high hydrostatic pressure (0.7ϫ10 Ϫ7 cm/s at 10 cm H 2 O). In Fig. 4 , we also plot the model predictions for the apparent permeability of albumin as a function of lumen pressures when the ultrastructural component of the cleft is changed. Bates and Curry ͓28͔ found that exposure to 1 nM vascular endothelial growth factor ͑VEGF͒ rapidly and transiently increased L p to 7.8 times the control value ͑Ringer-BSA as the perfusate͒ within 30 s. In another study, Bates ͓27͔ found that after longer time treatment, VEGF increased L p to 6.8 times the control without affecting the reflection coefficient to albumin. Comparing L p data with their solute permeability P data, Fu and Shen ͓29͔ suggested that the major effect induced by VEGF to increase the microvessel permeability is to increase the cleft width 2B to 2.5-fold of the control value. The dashed-dotted-dashed and the long dashed lines are the model predictions when 2Bϭ50 nm. The fiber layer carries the charge for the dashed-dotted-dashed line and no charge for the long dashed line. L p is ϳ15ϫ10 Ϫ7 cm/s cm H 2 O for both lines, which is about sevenfold of their control values. We can see that the increased 2B not only increases the diffusive permeability of albumin, but the convection component due to increased L p . However, the dashed-dotted-dashed line indicates that all these increases are greatly abolished by the negative charge carried by the surface glycocalyx.
Effects of Microvessel Lumen Pressures on Apparent
Permeability of Charged Solutes. Figure 5 shows the model predictions for the ratio of apparent permeability of charged molecules ͑ribonuclease and ␣-lactalbumin͒ to diffusive permeability of a neutral solute with the same size ( P/ P d neutral ) as a function of hydrostatic pressure in the microvessel lumen. In all cases, C m ϭ25 mEq/l, L f ϭ100 nm, and 2Bϭ20 nm. Ribonuclease and ␣-lactalbumin have the same size ͑2.01 nm radius͒ but different net charge. Ribonuclease is positively charged ͑ϩ3͒ while ␣-lactalbumin is negatively charged ͑Ϫ11͒. The solid line ͑slope ϳ0.022͒ is the case for ribonuclease, the dotted line ͑slope ϳ0.005͒ for ␣-lactalbumin and the dashed line ͑slope ϳ0.017͒ for the neutral solute. When the microvessel pressure is elevated from 0 to 25 cm H 2 O, the apparent permeability of all solutes increases due to the filtration ͑convection͒. From the values for the slope of each line, one can find that the apparent permeability of positively charged ribonuclease increases 1.3-fold of that of neutral solute and 4.4-fold of that of negatively charged ␣-lactalbumin, for per cm H 2 O increase in the microvessel pressure. This indicates that charge effect of the surface glycocalyx counteracts the convective effect of the increased microvessel pressure for negatively charged solutes while reinforces the convective effect for positively charged solutes.
Discussion
We have developed a theoretical model to describe the movement of water and charged macromolecules across the microvessel wall, which extends the previous model ͓4͔ that is only applicable to charged solute transport when transmural hydrostatic and oncotic pressures are negligible ͑without filtration͒. The novel features of the current model include ͑1͒ the electro-osmosis term to water transport in Eq. ͑1͒ due to the fixed charge of the surface glycocalyx and the presence of ions in the solvent, and ͑2͒ the filtration term in Eq. ͑9͒ and combined electrostatic partition and filtration terms in Eq. ͑11͒. Our new model can be used to investigate the role of the charged surface glycocalyx layer in the regulation of water ͑electro-osmosis͒ and charged macromolecules transport across endothelial barriers under various permeability conditions. One limitation of this model is our assumption that the fluid velocity ͑or solute flux͒ from the lumen to the tissue is perpendicular to the cleft entrance ͓Eqs. ͑1͒ and ͑9͔͒. This is valid in our case because the typical diameter of a frog mesenteric microvessel is 30 m, and the spacing between adjacent cleft is ϳ16 m ͑roughly 6 endothelial cells form the circumference of the vessel wall͒, and the thickness of the surface glycocalyx is 100 nm; for these sizes, the effect from the curvature of the microvessel is negligible for flow going into a cleft of width 20 nm. However, when the vessel becomes smaller, or the glycocalyx layer becomes thicker, or the cleft becomes wider, the velocity and solute flux should have dependence on z ͓Fig. 1͑b͔͒. Using the assumption in this model would reduce the effective resistance of the glycocalyx to both fluid motion and solute diffusion, and a z-dependent velocity or solute flux should be considered. Fig. 4 predicts the effect of the fixed charge of the glycocalyx in maintaining normal microvessel permeability to charged macromolecule, albumin. Compared to the short dashed line in Fig. 4 that shows the prediction with uncharged glycocalyx but otherwise identical barrier, the solid line in Fig. 4 demonstrates that the charge carried by the glycocalyx layer greatly diminishes the filtration contribution, which is due to the increase in microvessel hydrostatic pressures, to the charged albumin transport. This prediction conforms to the suggestion that plasma factors ͑charge͒ other than albumin alone ͑structure͒ regulate solute permeability and selectivity of microvessel walls ͓6͔. The increase in microvessel permeability may happen without structural changes of endothelial barriers if the charge is washed away from the surface glycocalyx. In other words, the charge can help retain proteins inside the blood vessel under normal conditions even at elevated vessel pressures.
Charge Effect on Albumin Transport. The solid line in
Another interesting observation from Fig. 4 is that when the width of the interendothelial cleft is increased due to external stimuli, while the hydraulic permeability L p is greatly enhanced, the permeability of negatively charged albumin can be prevented from the increase as long as there is negative charge in the surface glycocalyx. We may apply this prediction in the understanding and treatment of protein loss disease.
Ultrastructural Changes by Ringer-Only Perfusate
The mechanisms leading to the increase in microvessel permeability (L p and P͒ when all the albumin is removed from the perfusate ͑Ringer-only͒ are less well understood. Curry ͓3͔ summarized the investigation for the increased microvessel permeability to ␣-lactalbumin ( P ␣-lactalbumin ) in ͓7,8͔ and suggested that when the perfusate is Ringer only, the increase in P ␣-lactalbumin is due to the removal of the ordering or degradation of the fiber matrix ͑circles in Figs. 3 and 6͒. Correspondingly, Huxley et al. ͓6͔ found that when the perfusate was Ringer only, L p was increased to ϳfive-fold of that when plasma existed. Mason et al. ͓30͔ showed that there were no abnormal gaps between adjacent endothelial cells when the vessels were perfused with protein free Ringer solution, while L p was increased to ϳfivefold of its control ͑Ringer-BSA perfusion͒. Because their experiments were conducted on a few capillaries ͑only one with Ringer-only perfusion͒, the sampling was inadequate for any firm quantitative conclusion.
We try to explain the above experimental observations by applying our new model. To satisfy the ϳfivefold increase in L p , we adjust the parameters in our model in the following ways. Group a: remove all the fibers, L f ϭ0, and 1a͒ increase the number of junctional breaks to ϳ2.6-fold ͑the spacing between adjacent breaks, 2D, is reduced from 2640 to 1000 nm͒; 2a͒ increase the size of junctional breaks to fourfold ͑the width of the break, 2d, is increased from 150 to 600 nm͒; 3a͒ increase the cleft gap width to ϳ1.4-fold (2B is increased from 20 to 27 nm͒. Group b: Partially remove the fibers, L f ϭ20 nm, and 1b͒ increase the number of junctional breaks to ϳ3.4-fold ͑the spacing between adjacent breaks, 2D, is reduced from 2640 to 780 nm͒; 2b͒ increase the size of junctional breaks to ϳeightfold ͑the width of the break, 2d, is increased from 150 to 1170 nm͒; 3b͒ increase the cleft gap width to 1.5-fold (2B is increased from 20 to 30 nm͒. For each case, other ultrastructural parameters are kept unchanged, which are the same as those for the control condition when the perfusate is Ringer-BSA. All the cases are shown in Fig. 6 . The solid line for case 1a, the dotted line for case 1b; the long dashed line for case 2a, the short dashed line for case 2b; the dashed-dotted-dotteddotted-dashed line for case 3a and the dashed-dotted-dashed line for case 3b. The circles in Fig. 6 are experimental results summarized in ͓3͔. Although L p for each of the above cases ranges from 9.5 to 11ϫ10 Ϫ7 cm/s/cm H 2 O, which accounts for the ϳfivefold of 2.1ϫ10 Ϫ7 cm/s/cm H 2 O when plasma is present, the measured ␣-lactalbumin permeability ( P ␣-lactalbumin ) can be accounted for by none of the cases in group a when the fiber layer is completely removed. All the lines in group a overestimate the measured data. When the fiber layer is partially removed by 80%, all the lines in group a are lowered towards the measured data ͑group b͒. However, for case 1b, the number of the junctional breaks would be increased to more than threefold, or for case 2b, the size of the junctional breaks would be increased to eightfold, under the perfusion of protein free Ringer solution. The best fit is case 3b, when the cleft gap width is increased by 50%. Although all the above predicted ultrastructural changes have not been con- firmed in the existing experimental studies, they are possible. Case 3b represents the easiest change that might be induced by the endothelial cell contraction. The changes in cases 1b and 2b will involve the destruction/disassembly of tight junctions in the interendothelial cleft. Further experimental studies need to be conducted to test these predictions.
Effects of Charge and Lumen Pressures on Apparent
Permeability of Charged Solutes With Different Sizes. Figure  7 shows the effects of the charge carried by the surface glycocalyx at different constant microvessel lumen pressures on permeability of ␣-lactalbumin ͓radiusϭ2.01 nm, net chargeϭϪ11 or Ϫ19, Fig.  7͑a͔͒ and permeability of albumin ͓radiusϭ3.5 nm, net charge ϭϪ19, Fig. 7͑b͔͒ . From Fig. 7 , we can see that the larger the solute, the larger the effect is from the lumen pressure as well as from the charge. When there is no charge and no pressure, the size effect of the surface glycocalyx ͑and other structures in the cleft, mainly glycocalyx for solutes with these sizes͒ reduces albumin permeability P albumin to 6.3% of ␣-lactalbumin permeability P ␣-lactalbumin , although the size ratio of ␣-lactalbumin to albumin is 57%. For solutes with same negative charges ͑Ϫ19͒ but different sizes, compared to the permeability when C m ϭ0, charge density C m of 25 mEq/l reduces permeability of larger solute albumin ͑3.5 nm radius͒ to 12%, and that of smaller solute ␣-lactalbumin ͑2.01 nm radius͒ to 31%. When C m is 50 mEq/l, the percentage is 1.7% for albumin and 5.2% for ␣-lactalbumin. Further increase of C m to 100 mEq/l would almost completely abolish the microvessel permeability to both solutes. It would take much longer time for the charged solute to transport across the glycocalyx layer or the vessel wall compared to non-charged solutes. This prediction is consistent with that demonstrated in Stace and Damiano ͓31͔, in which they developed an unsteady diffusion model for charge effect of glycocalyx on the transport of charged molecules across the glycocalyx layer and in the tissue space.
In summary, we developed a three dimensional model incorporating the charge effect of the endothelial surface glycocalyx and filtration effect due to hydrostatic and oncotic pressures across the microvessel wall as well as the electrical potential across the glycocalyx layer, so that it can provide a detailed quantitative analysis of various experimental results for the transendothelial transport of charged macromolecules under normal and increased permeability conditions. This will also help understand the physical mechanisms of glycocalyx selectivity and will provide a new method for controlling transport rates of charged solutes in drug delivery.
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Appendix
This appendix is used to calculate electrical potential profiles in the surface glycocalyx layer Ј(x) and (ϪL f ), Ј(ϪL f ), Ј͑0͒, ͑0͒, dЈ/dx͉ xϭ0 and ⌬C ϩ Ј in Eqs. ͑7a͒, ͑11͒, and ͑12͒. It is assumed that overall electroneutrality is satisfied in the glycocalyx layer, indicates that the negative charge C m carried by the fiber matrix must be balanced by an excess of mobile positive ions. Usually, the concentration of charged macromolecules is negligible compared to concentrations of ions ͓4͔ and Eq. ͑A1͒ reduces to the balance between monovalent cations (Z ϩ ϭϩ1) and the summation of monovalent anions (Z Ϫ ϭϪ1) and negative charges of the fiber matrix,
At the interface between the fiber layer and lumen (xϭϪL f in Fig. 1͒ and at that between the fiber layer and the cleft entrance (xϭ0), Donnan equilibrium is satisfied, (A4)
The condition for no electrical current flows across the glycocalyx layer is
Neglecting the current due to the macromolecules, Eq. ͑A5͒ reduces to
The modified Nernst-Planck equations written for positive and negative ions are ͑14͒,
